Background: early menarche is related to increased risk of breast cancer. the number of established factors that contribute to early menarche is limited. We studied prenatal and infant exposures in relation to age at menarche in a nationwide cohort of women who have a family history of breast cancer. Methods: the study comprised 33,501 women in the Sister Study who were 35-59 years of age at baseline (2003)(2004)(2005)(2006)(2007)(2008)(2009)). We used polytomous logistic regression to estimate separate relative risk ratios (rrrs) and 95% confidence intervals (cis) for associations of selfreported exposures with menarche at ≤10, 11, 14, and ≥15 years relative to menarche at 12-13 years. Results: early menarche (≤10 or 11 years) was associated with having low birth weight, having had a teenage mother, being firstborn, and specific prenatal exposures: mother's smoking, diethylstilbestrol (DeS), prepregnancy diabetes, and pregnancy-related hypertensive disorder. Prenatal exposures most strongly associated with very early menarche (≤10 years) were DeS (rrr = Conclusions: although menarche is only one marker of pubertal development, it is a commonly used surrogate. the observed associations of prenatal DeS and soy formula exposure with age at menarche are consistent with animal data on exogenous estrogens and pubertal timing. early-life exposures may confound associations between age at menarche and hormonally dependent outcomes in adults.
A ge at menarche is a frequently used marker of puberty that has been related to later health. early menarche (≤11 years) has been associated with increased risk of breast cancer, adult obesity, type 2 diabetes, metabolic syndrome, and other markers of cardiovascular disease.
1,2 the mean age at menarche in the United States decreased from the late 1800s to the 1950s, although it is unclear whether a decline has continued since the 1950s. 3 a younger mean age at menarche in the United States compared with Japan may partially explain the historically higher US breast cancer rates. 4 in US girls, blacks and Hispanics have been reported to experience earlier menarche than whites. 5, 6 Maternal age at menarche and childhood adiposity have been consistently associated with age at menarche. 1, 7 Prenatal exposure to maternal smoking [8] [9] [10] [11] [12] [13] [14] and body size at birth, especially birth weight, 11, 12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] have been widely studied in relation to age at menarche, with inconsistent results. Studies in mice suggest that pubertal timing can be affected by exogenous estrogens including diethylstilbestrol (DeS) and genistein, one of the key isoflavones in soy formula. [26] [27] [28] Maternal prepregnancy or gestational diabetes have been linked with later childhood obesity, [29] [30] [31] but no study has examined whether maternal diabetes influences daughter's age at menarche. We evaluated whether prenatal and other early-life exposures were associated with age at menarche, using a large sample of US and Puerto rican women.
METHODS

Study Population
the Sister Study is a prospective cohort study that enrolled 50,884 US and Puerto rican volunteers from 2003 to 2009, with follow-up for breast cancer and other health conditions. eligible women were 35-74 years of age, had never been diagnosed with breast cancer, and had a full or half-sister diagnosed with breast cancer. the Sister Study was approved by the institutional review Board (irB) of the national institute of environmental Health Sciences, national institutes of Health, and the copernicus group irB. Further study details are provided elsewhere. 32 Participants completed computer-assisted telephone interviews on possible risk factors for breast cancer and other conditions. Sister Study investigators were interested in whether early-life exposures affected risk of breast cancer and other health conditions; therefore, the participants also completed a self-administered family history questionnaire Submitted We analyzed baseline data from the 34,208 women who were 35-59 years of age. We excluded women older than 59 years because their mothers were more likely to be deceased or otherwise unable to inform their daughter about early-life events. Our final study sample consisted of 33,501 women, after further excluding 24 with unknown age at menarche, 676 with missing family history questionnaires on early-life events, and 7 with missing race/ethnicity data.
Age at Menarche
Women were asked during the telephone interview how old (years and months) they were when they had their first menstrual period. ages were truncated at years because <5% of women reported a value for months. For women who did not know their age at menarche, it was estimated from their grade in school at the time of their first menstrual period (n = 77) or from reporting whether their first menstrual period occurred before, after, or at the same time as other girls their age (n = 63). the latter responses were estimated as 11, 14, and 12.5 years.
Exposures and Covariates
early-life exposures were reported on the self-administered family history questionnaire. Participant factors were birth weight (pounds/ounces), gestational age at birth (categorical), single/multiple birth, having ever been breastfed, and having ever consumed soy formula during infancy. Maternal factors were age at the participant's birth and mother's exposures during the index pregnancy (pregnancy with the participant): living or working on a farm, smoking, DeS use, diabetes (prepregnancy or gestational), and pregnancy-related hypertensive disorder (preeclampsia or gestational hypertension). response categories (definitely, probably, probably not, and definitely not) allowed for additional uncertainty for infancy feeding and maternal factors, with the exception of mother's age at the participant's birth. We defined mothers as having gestational diabetes if there was reporting of "pregnancy-related diabetes" and no reporting of diabetes before the index pregnancy. We considered mothers as having gestational hypertension if "pregnancy-related high blood pressure" was reported, and preeclampsia was not reported. Data on maternal hypertension before the index pregnancy were not available.
We classified birth order using sibling birth dates reported by the participant in the family history questionnaire (brothers) and the computer-assisted telephone interview (sisters). Participant date of birth, education, and childhood factors (height and weight relative to peers at age 10 years, plus family income level [poor, low, middle, or well off]) were reported during the telephone interview.
Statistical Analyses
We used polytomous logistic regression to estimate relative risk ratios (rrrs) with 95% confidence intervals (cis) 33 for each early-life exposure in association with very early (≤10 years), early (11 years), late (14 years), and very late (≥15 years) menarche relative to typical ages at menarche (12-13 years). We combined women who reported "definitely" and "probably" for prenatal and infancy feeding exposures to estimate their associations with age at menarche compared with women who reported "probably not" or "definitely not." We initially examined age at menarche associations separately across all birth-order groups and 5-year maternal age categories (data not shown) and then combined categories having similar frequency of early and late menarche for reporting associations. Birth weight was categorized in clinically relevant categories: <2500 g (low), 2500-3999 g (reference), and ≥4000 g (high). Because there was no difference in age at menarche for high versus reference birth weight (data not shown), we further combined those two categories. all polytomous logistic regression models included race/ethnicity, participant's birth decade, and childhood family income as confounders because they may influence the exposures and age at menarche. Models also included categorical interaction terms for race/ethnicity and birth decade to more fully adjust for confounding by these variables. We did not consider relative height or weight at age 10 years as confounders because body size could be on a causal pathway between exposures and age at menarche, and neither factor could be a cause of earlier exposures. We conducted analyses using SaS V9.2 (SaS institute inc., cary, nc).
Because there was a high proportion of missing data for some exposures, we performed secondary analyses in which we repeated the main analyses after multiple imputation of missing data (etable, http://links.lww.com/eDe/a644). We assumed data were missing at random (dependent on values of other nonmissing variables but not on values of missing variables). We did multiple imputation by chained equations using iVeWare V0.1 (University of Michigan, ann arbor, Mi) within SaS software. 34, 35 We did 10 imputations of missing data and included all early-life exposures, race/ethnicity, birth decade, race/ethnicity-by-birth-decade interaction terms, childhood family income, participant's education level, maternal death before baseline, and age at menarche in the imputation regression models. although mother's vital status and participant's education level were not confounders in our polytomous logistic regression analyses, they were included in the imputation regression models because they influenced whether early-life data were missing. We used PrOc MianalYZe in SaS V9.2 to summarize polytomous logistic regression results across all 10 imputation datasets. in analyses using imputed missing data, we could mutually adjust for related early-life factors to account for the possibility of additional confounding without reducing sample size. table 1 shows descriptive characteristics of participants in each menarche category. the frequency of early menarche (≤11 years) was 20% (table 1) , with 7% reporting menarche at 10 years of age or younger. the frequency of late menarche (≥14 years) was 24%, with 10% reporting menarche at 15 years of age or older. the trend for the frequency of early menarche across birth decades differed by race/ethnicity (data not shown). among black and Hispanic women, the percent reporting early menarche increased with birth decade, with >35% of women born in 1970-1974 reporting early menarche compared with 27% for those born in 1944-1949. However, we found the opposite pattern for white women or those of other race/ethnicity (asian or Pacific islander, native american, other), with early menarche less common in the most recent birth decade than in earlier decades. Women reporting that their family was poor during childhood had higher frequencies of early menarche than those who reported their family was middle income or well off. as expected from previous literature, 1 women who reported they had been heavier or taller than their peers at 10 years of age had the greatest proportion with early menarche and the lowest proportion with late menarche. these associations for weight and height remained after adjusting for each (14) a excluded women with missing data for age at menarche (n = 24) or race/ethnicity (n = 7), and those who did not return questionnaires on early-life factors (n = 676). b n does not sum to total owing to missing data; <1% of data were missing for each of these study characteristics. © 2013 Lippincott Williams & Wilkins a associations are relative to menarche at 12-13 years. each polytomous logistic regression model included the following: birth decade, race/ethnicity, childhood family income, and categorical interaction terms between birth decade and race/ethnicity. Women with missing data for childhood family income were excluded (n = 54).
RESULTS
b excluded women with missing data for age at menarche (n = 24) or race/ethnicity (n = 7), and those who did not return questionnaires on early-life factors (n = 676). c numbers do not sum to total owing to missing data. d "Definitely" and "probably" were combined as affirmative responses. negative group represents women reporting "definitely not" or "probably not." e numbers do not sum to total for diabetes or hypertensive disorders owing to missing data. 
Early-life Exposures
Several early-life exposures were associated with >10% relative increases in the occurrence of early or late menarche. exposures associated with early menarche were having had a teenage mother, being firstborn, having low birth weight, having been born at least 1 month early, having been fed soy formula, and several maternal factors during the index pregnancy (diabetes, hypertensive disorder, DeS use, and smoking; table 2). an association was found only with prepregnancy diabetes and not with gestational diabetes, whereas associations were similar for the two types of pregnancy-related hypertensive disorders. associations were generally stronger for very early menarche (≤10 years) than for menarche at 11 years. in particular, associations were found specific to very early menarche for three exposures (DeS, rrr = . Soy formula consumption was also associated with late menarche. associations with late menarche for having been born at least 1 month early and part of a multiple birth were specific to very late menarche (≥15 years).
imputation of missing data did not materially change the estimated associations (etable, http://links.lww.com/eDe/ a644). Further adjustment for maternal age and firstborn status did not change any of the associations for other early-life exposures, and mutually accounting for both of these exposures in the same model did not affect their associations with age at menarche (data not shown). the association between pregnancy-related hypertensive disorder and early menarche was unchanged by adjustment for multiple birth and maternal diabetes (data not shown). after further adjustment for multiple birth, maternal age, and maternal factors during the index pregnancy (DeS, smoking, diabetes, and hypertensive disorder), the association between preterm birth and very early menarche was attenuated (1. although black and Hispanic women were more likely to report early menarche, their associations between early-life exposures and age at menarche (results not shown) were generally similar to those in the entire cohort. However, analyses for minority subsets were limited by small numbers for rare exposures.
DISCUSSION
early onset of puberty, which has often been approximated by young age at menarche, can have important implications for conditions diagnosed later in life, such as breast cancer and cardiovascular disease. 2 Furthermore, animal studies have shown that prenatal and neonatal exposure to exogenous estrogens can alter pubertal timing. [26] [27] [28] We found that several early-life exposures were associated with early menarche: low birth weight, young maternal age at the index birth, firstborn status, soy formula, and maternal exposures during the index pregnancy (prepregnancy diabetes, pregnancy-related hypertensive disorder, smoking, and DeS use). associations with low birth weight, prepregnancy diabetes, pregnancy-related hypertensive disorder, in utero DeS, firstborn status, and soy formula were stronger for very early menarche (≤10 years) than for menarche at 11 years. Having ever been fed soy formula, being part of a multiple birth, and having been born at least 1 month early were the only exposures associated with late menarche.
age at menarche was based exclusively on self-report. Previous reports suggest that there is generally moderate agreement between age at menarche reported in adolescence and later reported by middle-aged women. [36] [37] [38] classifying women into three categories corresponding to early, typical (12-13 years), and late menarche has been reported to improve validity. 37 When our data were categorized in this way, results were largely unchanged (results not shown) except for associations that were specific to very early or very late menarche.
Our large study size allowed examination of associations with several early-life exposures. By using polytomous logistic regression, we could evaluate exposures associated with both early and late menarche. in addition, we could evaluate associations with prenatal exposures that are specific to certain birth cohorts (ie, DeS) or that may have occurred at different rates over time (eg, smoking). effects of early-life exposures on age at menarche may be important because early menarche is related to breast cancer and other health conditions in adulthood. 2 Historical exposures, such as maternal DeS use, continue to be relevant for the majority of women at risk for breast cancer today.
By design, the Sister Study enrolled women with a family history of breast cancer to enrich the cohort for environmental and genetic risk factors for breast cancer. to the extent that early menarche-a breast cancer risk factor-was more common among our study participants than among women in the general population, the statistical power for estimating associations with early-life exposures would be enhanced. 39 in particular, the frequency of early menarche (20%) in our cohort of predominantly white women was lower than in white girls from the Bogalusa Heart Study cohort (30%) 40 but higher than in white girls from a large clinical study conducted in the 1990s. 41 there is also concern that women with a family history of breast cancer may report age at menarche either more or less accurately than women without such family history. However, our estimates of mean age at menarche by birth decade for whites (data not shown) were similar to results from the national Health and nutrition examination Survey. 42 Furthermore, given that the entire cohort has a family history of breast cancer and all were breast cancer free when interviewed at baseline, effects on reporting of age at menarche could be expected to be shared across the cohort and unlikely to bias the associations presented.
Misclassification of self-reported exposures is a potential study limitation. We provided phone cards to encourage participants to contact their mothers or other relatives, but we did not ask whether they contacted relatives or consulted records before reporting early-life events. response categories for some early-life exposures allowed for further uncertainty with reporting. although not shown, associations with exposures reported as "definite" were generally similar or stronger than those with exposures reported as "probable." However, analyses of infancy feeding are limited by the lack of adequate data on duration. For example, the null association with ever having been breastfed may have been influenced by the inclusion of those breastfed for a very short duration.
Because of the large proportion of missing data for some early-life exposures, we repeated our main analyses and considered whether there was additional confounding among early-life exposures after multiple imputation of missing data. the results from these secondary analyses were largely similar to those from the main analyses and showed little confounding among the early-life exposures. Because maternal vital status at baseline was one of the strongest and most consistent factors that influenced whether data were missing for early-life exposures, we also repeated our main analyses after restricting to the ~60% of participants whose mothers were alive at baseline. the results from the restricted subset were less precise, but differences were generally minor except that prepregnancy diabetes was no longer associated with very early menarche (rrr = 1.06 [95% ci = 0.32-3.56]). However, because having diabetes influences life span, our restricted subset had fewer mothers with prepregnancy diabetes who were alive at baseline.
although heavier childhood body weight is a strong predictor of age at menarche, 1 we did not adjust analyses for childhood body weight because it may be on the causal pathway between the exposures and age at menarche. Having been heavier than peers at age 10 years was associated with maternal prepregnancy diabetes and with prenatal exposure to smoking, whereas having been lighter than peers at age 10 years was associated with having a twin (or triplet) sibling (data not shown), which is consistent with childhood weight being on the causal pathway for age at menarche. However, pregnancy-related hypertensive disorder was weakly associated with both having been lighter and having been heavier than peers at age 10 years, and low birth weight was strongly associated with having been lighter than peers at age 10 years.
although age at menarche does not completely capture pubertal development, our finding that soy formula consumption was associated with both early and late menarche is consistent with animal data suggesting that the dose of genistein influences whether puberty will be advanced or delayed. Mice that were administered a higher dose of genistein had a delayed vaginal opening (marker of puberty), whereas mice given a lower dose had an accelerated vaginal opening. 26 neonatal administration of genistein to mice has also produced other alterations in reproductive characteristics, including changes in estrous cycles, early reproductive senescence, and decreased fertility. 43 Soy formula delivers a high dose of estrogenic isoflavones to infants per unit body weight 44 ; high plasma and urinary concentrations of genistein have been reported in infants fed soy formula. [44] [45] [46] there are inconsistent results from the two previous epidemiologic studies of soy versus cow milk formula during infancy: one reported no difference in age at menarche 47 and the other reported that those given soy formula early in life (≤4 months through ≥6 months of age) had earlier menarche. 48 Soy formula composition changed in the early 1960s from soy flour to a more highly digestible soy protein isolate, 49 and so we evaluated whether the association between soy formula and age at menarche differed for women born before and after this time period. the association with late menarche did not change across birth decades, whereas the association with very early menarche was seen only in those born in 1960 or later (rrr = 1.50 [95% ci = 1.03-2.19]).
in utero DeS has been associated with various reproductive abnormalities in women. 50 in mice, prenatal administration of DeS results in an earlier vaginal opening. 27, 28 We found an association of DeS with very early menarche (≤10 years of age). two studies based on documented prenatal DeS exposure found no difference in mean age at menarche 51 and no association with early or late age at menarche. 52 However, these studies did not report on the frequency of very early menarche. evaluating mean differences in age at menarche may not be sensitive to differences in the frequency of very early menarche because this group typically represents a small proportion of any population (7% in our study sample). Similar to our study findings, Hatch et al 53 reported an association with very early menarche in a cohort study of medically documented in utero DeS exposure. information on DeS dose and timing during pregnancy was not available in our study.
We found that maternal prepregnancy diabetes and pregnancy-related hypertensive disorder were associated with early menarche. two studies reported no association between prenatal exposure to maternal preeclampsia and age at menarche. 54, 55 However, a large UK cohort study found an earlier mean age at menarche in daughters whose mothers had preeclampsia during their gestation. 12 Prenatal exposure to maternal diabetes has been previously reported to be associated with childhood obesity, [29] [30] [31] but we are the first to investigate associations with early menarche in daughters.
Findings from previous studies have been inconsistent for associations with birth order and maternal age at birth. [10] [11] [12] 24, 56 although the association with firstborn status was specific to very early menarche, we also found an association with early menarche for having had a teenage mother. Despite our adjustment of associations for childhood family income, residual confounding may remain because teenage birth is related to poor socioeconomic status. the association with young maternal age at birth may be confounded by the maternal age at menarche because the mother's menarche necessarily preceded her teenage pregnancy with her daughter, and it is known that ages at menarche are correlated for mothers and daughters. 7 However, we have no data on the age at menarche of the participant's mother. Our finding of an association between having been born from a multiple birth and very late age at menarche is consistent with a large UK cohort study that reported later age at menarche for twins. 12 Our results are consistent with previous studies that found an association between lower birth weight and early menarche. 12, 15, 18, 21 However, a few other studies reported associations only with having been small for gestational age 16, 17 or having had lower birth weight and longer birth length. 19, 23 a study of white and asian girls reported that younger age at menarche was not associated with low birth weight or preterm status, although nonsignificant associations in that direction were present. 25 We had a high proportion of women with missing data on gestational age and birth weight. However, after imputation of missing data, adjustment for preterm status did not affect the low birth weight association with early menarche. associations with low birth weight may be influenced by later growth, but we had only crude data on prepubertal growth. in particular, one study reported that the association with birth weight varied by childhood body size. 24 three studies found that subsequent infancy or prepubertal growth, but not birth weight, was associated with age at menarche, 11, 20, 22 although two of these studies noted nonsignificant associations between high birth weight and age at menarche after accounting for subsequent growth. 20, 22 Five previous studies found associations between prenatal exposure to maternal smoking and younger age at menarche, 8, [10] [11] [12] [13] with two of these studies reporting associations specifically with smoking in the third trimester 10 and heavy smoking of at least a pack of cigarettes a day. 8 two studies in predominantly black or multiethnic cohorts reported an association with later age at menarche and heavy maternal smoking.
9,14 although we had no information on smoking frequency or timing during pregnancy, our finding of an association between maternal smoking and early menarche was consistent with other studies in predominantly white cohorts. 8, [10] [11] [12] [13] it is also possible that the association with prenatal exposure to smoking may be confounded by maternal age at menarche if mothers with early menarche were more likely to become smokers and have daughters with early menarche. However, associations between prenatal exposure to smoking and early menarche remained in three of the studies after adjustment for maternal age at menarche. 8, 10, 11 Our study adds to prior evidence that early-life exposures influence age at menarche and is the first to report an association with maternal prepregnancy diabetes. Besides replication of findings within other study populations, future studies should examine a broader set of pubertal changes beyond age at menarche. greater understanding of the possible biologic mechanisms that could explain our findings is also an important area for future research. Furthermore, our findings have methodological implications, as early-life factors may confound some of the associations between age at menarche and hormonally dependent adult outcomes such as breast cancer.
